There is an increasing appreciation of the polymicrobial nature of many bacterial infections such as those associated with cystic fibrosis (CF) and of the potentially important role for interspecies interactions in influencing both bacterial virulence and response to therapy. Patients with CF are often co-infected with Pseudomonas aeruginosa and other pathogens including Burkholderia cenocepacia and Stenotrophomonas maltophilia. These latter bacteria produce signal molecules of the diffusible signal factor (DSF) family, which are cis-2-unsaturated fatty acids. We have previously shown by in vitro studies that DSF from S. maltophilia leads to altered biofilm formation and increased resistance to antibiotics by P. aeruginosa; these responses of P. aeruginosa require the sensor kinase PA1396. Here we show that DSF signals are present in sputum taken from patients with CF. Presence of these DSF signals was correlated with patient colonization by S. maltophilia and/or B. cenocepacia. Analysis of 50 clinical isolates of P. aeruginosa showed that each responded to the presence of synthetic DSF by increased antibiotic resistance and these strains demonstrated little sequence variation in the PA1396 gene. In animal experiments using CF transmembrane conductance regulator knockout mice, the presence of DSF promoted P. aeruginosa persistence. Furthermore, antibiotic resistance of P. aeruginosa biofilms grown on human airway epithelial cells was enhanced in the presence of DSF. Taken together, these data provide substantial evidence that interspecies DSF-mediated bacterial interactions occur in the CF lung and may influence the efficacy of antibiotic treatment, particularly for chronic infections involving persistence of bacteria.
Introduction
Bacterial infections of the lung are the leading cause of morbidity and mortality in cystic fibrosis (CF) patients. There is an increasing appreciation of the polymicrobial nature of these infections and the potential importance of interspecies interactions in influencing infection status, clinical outcomes or response to therapy (Ryan and Dow, 2008; Sibley et al., 2008 Sibley et al., , 2009 Ng and Bassler 2009; Shank and Kolter, 2009; Rogers et al., 2010) . In many bacteria, the production and perception of diffusible signal molecules allows the organisms to monitor aspects of their environment, such as population density or confinement. These diffusible signal molecules, of which there are a range of structural classes, can also mediate interspecies signaling (Ryan and Dow, 2008; Shank and Kolter, 2009 ). In addition, it is clear that bacteria can sense signal molecules that they do not produce, thereby eavesdropping on signaling by other organisms in their immediate environment (Ryan and Dow, 2008; Shank and Kolter, 2009) .
Chronic colonization and infection by Pseudomonas aeruginosa occurs in 80% of CF patients by 18 years of age, these patients can also be co-infected by other pathogens such as Burkholderia cenocepacia and Stenotrophomonas maltophilia. These latter pathogens produce signal molecules of the diffusible signal factor (DSF) family, which are cis-2-unsaturated fatty acids (Deng et al., 2011; Ryan and Dow, 2011) . This class of signal molecule was first described in the plant pathogen Xanthomonas campestris pv. campestris (Xcc) (Barber et al., 1997) .
DSF from Xcc has been characterized as cis-11-methyl-2-dodecenoic acid (Wang et al., 2004) . This molecule is also produced by S. maltophilia, whereas B. cenocepacia produces cis-2-dodecenoic acid (known as BDSF) (Huang and Wong, 2007; Boon et al., 2008) . The synthesis of DSF in Xcc is dependent on RpfF, which has some amino-acid sequence similarity to enoyl CoA hydratases, whereas the two-component system comprising the sensor kinase RpfC and regulator RpfG is implicated in DSF perception Dow 2010, 2011; .
We have previously provided evidence that P. aeruginosa responds to DSF leading to changes in biofilm architecture and increased resistance to cationic antimicrobial peptides . This response requires PA1396, a sensor kinase with an input domain of related amino-acid sequence to the sensory input domain of RpfC, which is responsible for DSF perception in Xanthomonads . Domain-swapping experiments indicate that PA1396 participates directly in DSF recognition and can also sense BDSF but not cis-2-decenoic acid, a related molecule produced by P. aeruginosa (Davies and Marques 2009; McCarthy et al., 2010) . Mutation of PA1396 or addition of DSF to P. aeruginosa leads to increased levels of a number of proteins with roles in bacterial stress tolerance and polymyxin resistance . These findings have led to the suggestion that PA1396 acts to negatively regulate the expression of the genes involved in stress and polymyxin tolerance, and that binding of DSF to PA1396 reverses this negative regulatory effect.
Although interspecies signaling mediated by DSF appears to be important for biofilm formation and antibiotic resistance by P. aeruginosa in vitro, its role during infections is poorly understood. Here we have addressed this issue for polymicrobial infections of the CF lung. We have used highperformance liquid chromatography and mass spectrometry to detect DSF family signals in sputum from CF patients at physiologically relevant levels. We present evidence that the presence of these DSF signal molecules is correlated with polymicrobial infection involving Burkholderia and/or Stenotrophomonas species together with P. aeruginosa. We show that clinical P. aeruginosa isolates retain the ability to sense and respond to DSF and have a functional sensor kinase PA1396. Furthermore, we show that the presence of DSF promotes P. aeruginosa persistence in CF transmembrane conductance regulator knockout mice and enhances cationic antimicrobial peptide tolerance of P. aeruginosa biofilms grown on human airway epithelial cells. Taken together, these findings indicate that DSFmediated interspecies interactions occur in the CF lung where they may influence the efficacy of antibiotic treatment for chronic P. aeruginosa infections.
Materials and methods

Bacterial strains, growth conditions and media
The bacterial strains used in this study are listed in Supplementary Table S1 . Cultures were routinely grown at 37 1C in Luria broth with shaking, or on 1.5% Luria broth agar plates. Cultures were also grown in artificial sputum medium which comprises: 5 g mucin from pig stomach mucosa (Sigma, Dublin, Ireland), 4 g DNA (Fluka, Dublin, Ireland), 5.9 mg diethylene triamine pentaacetic acid (Sigma), 5 g NaCl, 2.2 g KCl, 5 ml egg yolk emulsion (Oxoid, Dublin, Ireland) and 5 g amino acids per 1 l water (pH 7.0) (Sriramulu et al., 2005; Fouhy et al., 2007) .
Enrolment of subjects, sputum sample collection and P. aeruginosa isolates Sputum samples from CF patients (January 2010-September 2010) were collected from the Adult Cystic Fibrosis Treatment center in the Cork University Hospital. Sputa from patients with bronchiectasis were also collected for control analysis. All sputa were analyzed and frozen at À70 1C for further study. The protocol was approved by the Animal Ethics Committees of University College Cork and Cork Teaching Hospitals.
Overall, 50 isolates from CF patients with chronic P. aeruginosa lung infection were isolated during this study. These isolates have been collected from sputum of CF patients and stored in nutrient broth containing 5% glycerol at À80 1C. The selection criteria were phenotypic (mucoid and non-mucoid) and different patterns of resistance to antibiotics, as determined on the basis of direct sensitivity testing of isolates from plated sputum.
DSF extraction, DSF bioassay and detection of DSF from sputum samples Sputum samples were diluted to 5 ml with sterile phosphate-buffered saline (PBS) pH 7.4, centrifuged and DSF was extracted into ethyl acetate, as described previously (Barber et al., 1997) . Full details are described in the Supplementary Information. DNA extraction, 16S rRNA universal PCR amplication and 454 sequencing DNA extraction from sputa was performed using a high-performance PCR template kit (Roche, Dublin, Ireland). In short, 100 ml of each sample was treated with 200 ml of lysis buffer and 45 ml of proteinaseK and was incubated at 55 1C for 1 h as recommended by manufacturer. The following universal 16S rRNA primers were used for the PCR reaction: KTF (5 0 -CCAGACTCCTACGGGAGGCAGC-3 0 ) and KTR (5 0 -CCGTCAATTCCTTTGAGTTT-3 0 ) for the V3-V5 region. Barcode sequences for the V3-V5 samples of either AGCAGAGC or AGCAGATG were attached between the 454 adaptor sequence and the forward primers. Standard PCR reaction conditions were employed for reactions with Taq polymerase-2 mM MgCl 2 , 200 nM of each primer, 200 mM dNTPs. The PCR conditions established were 94 1C for 50s (initialization and denaturing) followed by 40 1C for 30 s (annealing), 72 1C for 60 s in 40 cycles (extension), and a final elongation step at 72 1C for 5 min. Two negative control reactions containing all components, but water instead of template, were performed alongside all test reactions, and were routinely free of PCR product, demonstrating lack of contamination with post-PCR product. The optimal annealing temperature for the primers, which included 454 adapters and barcode sequences, was empirically determined by gradient PCR using control reactions with initially purified bacterial genomic DNA, and validated on Pseudomonas gDNA. The 16S rRNA V3-V5 amplicons were subsequently sequenced on a 454 Genome Sequencer FLX platform (The Genome Analysis Centre, Norwich, UK) according to 454 protocols, one plate each for the V3-V5 region amplicons of 50 samples. Sequence analysis and phylogenetic classification was carried out as described in the Supplementary Information.
Infection and treatment of animals
Mouse infection was performed using a variation on the mouse model described by McCarthy et al. (2010) . Briefly, P. aeruginosa strains were grown in Luria broth at 37 1C overnight with shaking, after which bacteria were collected by centrifugation and resuspended in PBS. The exact number of bacteria was determined by plating serial dilutions of each inoculum on Luria broth agar plates. Female C57BL/ 6 mice (approximately 8-weeks old) or CF transmembrane conductance regulator (CFTR) knockout (CF) mice (approximately 10-weeks old) were anesthetized and infected by the intratracheal route with 20 ml of culture of PAO1, PAO1/DSF, PAO1/ trans-11-methyl dodecenoic or PA1396 mutant to have a final inoculum of 5 Â 10 6 colony forming unit (CFU) per mouse. After every 24 h period, bacterialinfected animals were treated with 100 ml of PBS or PBS containing DSF (50 mM) or trans-11-methyl dodecenoic (50 mM). Mice were killed at 1, 3, 5 and 7 days post-infection by intraperitoneal injection of 0.3 ml of 30% pentobarbital. Lungs and spleens were harvested aseptically and homogenized in sterile PBS. A 10-fold serial dilution of lung homogenates was plated on Pseudomonas isolation agar. The results (means ± s.e.) are expressed as CFU/organ. All animal experiments were approved by the Animal Ethics Committees of University College Cork or Cork University Hospital.
Epithelial cell co-culture biofilm and cytotoxicity assays P. aeruginosa biofilms were grown on cystic fibrosis bronchial cells (CFBE) cells using a co-culture model system as previously described . The cytotoxicity of PAO1 (or mutant strains) was assessed by measuring lactate dehydrogenase (LDH) released from epithelial cells in co-culture with the bacteria Moreau-Marquis et al., 2008) .
Polymyxin-killing curves Polymyxin-killing curves were carried out at 37 1C as previously described .
Gene expression-profiling experiments
Over-night cultures of P. aeruginosa PAO1 were used to inoculate 200 ml of artificial sputum medium media with a starting OD (600 nm) of 0.05. At an OD of 0.3, 50 mM DSF or 50 mM trans-11-methyl dodecenoic acid was applied to the cultures and left to grow till an OD of 0.8. A detailed description of total RNA extraction, cDNA synthesis and hybridization to Affymetrix GeneChip P. aeruginosa genome arrays and data set analysis can be found in the Supplementary Information.
Quantative real-time PCR assays
The effect of PA1396 mutation or the addition of 50 mM DSF-like signal molecules to PAO1 on expression of genes was monitored by RT-PCR, as described previously McCarthy et al., 2010) . The primers used to amplify the genes are listed in Supplementary Table S1 .
Results
Signals from the DSF family are present in sputum from CF patients infected with Burkholderia and Stenotrophomonas In initial experiments, solvent extracts of 50 sputum samples (from 40 patients with CF and 10 with viralinduced bronchitis) were assessed for the presence of DSF or BDSF using the Xcc rpfF bio-reporter (Barber et al., 1997) . Note that this bioassay does not detect cis-decenoic acid . Overall, 15 of the 40 samples from CF patients tested were positive for the presence of DSF family signals ( Figure 1 ; Table 1 ), although none of the sputum obtained from the 10 bronchitis patients activated the bio-reporter, which can detect DSF down to a concentration of 2.5 nM (Barber et al., 1997; McCarthy et al., 2010) . Therefore, sputum samples from these bronchitis patients acted as appropriate negative controls in this study.
The activation of DSF bio-reporter suggested the presence of DSF family signal molecules in the sputum samples. In order to obtain direct evidence that these signals were present, the sputum extracts were separated by reverse-phase high-performance liquid chromatography and fractions tested for DSF activity ( Figure 1 ). Several peaks of activity were detected for each sample. Two of these peaks had the same elution time as synthetic DSF and BDSF standards, and mass spectrometry allowed these to be tentatively identified as DSF (m/z of 211.17) and BDSF (m/z of 197.15), respectively ( Figure 1 ). The compounds in the other peaks could not be identified. The DSF bio-reporter detects concentrations of DSF in the range of 2.5 to 2500 nM; the concentration of DSF was estimated to be approximately 250 nM in each of the positive sputum samples tested.
To explore the relationship between the presence of DSF family signals and bacterial community composition, we performed a combination of culture-dependent and culture-independent analyses on sputum samples. For culture-independent analysis, bacterial DNA was extracted from sputum samples and the V3-V5 region of the 16S rRNA gene was amplified. These barcoded and pooled amplicons were subsequently sequenced on a 454 Genome Sequencer FLX platform. The 16S rRNA gene-based analyses revealed complex bacterial communities associated with CF infection (see Table 1 ; Supplementary Table S2; Supplementary Figure S1 ), as has also been seen in recent studies using similar techniques (Harris et al., 2007; KlepacCeraj et al., 2010; Rogers et al., 2010; Guss et al., 2011) . In summary, the analysis detected a total of 53,225 PCR amplicons that were o350 bp in length, with an average 325 reads for each sample (Supplementary Table S2 ). Using a 98% similarity threshold value, we identified a wide range of operational taxonomic units for each sample. The number of sequences from each genus was determined and the 10 most abundant genera were observed to be Pseudomonas, Streptococcus, Rothia, Staphylococcus, Stenotrophomonas, Fusobacterium, Chryseomonas, Actinomyces, Porphyromonas and Neisseria (see Supplementary Figure S1 ; Supplementary  Table S2) .
For culture-dependent analysis, samples were plated on standard selective and non-selective media. As expected, the culture-based approach isolated and identified P. aeruginosa, S. aureus, Burkholderia species and S. maltophilia, which are pathogens typically associated with CF infection. Atypical CF species were also isolated by the culture-based approach. These included Streptococcus species, which were also detected using the 454 sequencing of 16S-rRNA amplicons (Supplementary Figure S1) .
Comparison of these findings with the analysis of signal molecules in CF sputum indicated a direct correlation between occurrence of DSF-family signals and the presence of Burkholderia species and/or S. maltophilia, but no correlation with the presence of P. aeruginosa or S. aureus (Table 1) .
Isolates of Pseudomonas aeruginosa from CF patients retain the ability to respond to DSF Analysis of P. aeruginosa isolates from the airways of multiple CF patients has revealed a number of genetic adaptations to chronic infection (Smith et al., 2006; D'Argenio et al., 2007) . In some cases, adaptation involves mutation of genes involved in intraspecies signaling. In order to assess whether adaptation might influence DSF-dependent interspecies signaling, we assayed a panel of 50 P. aeruginosa isolates from 40 different adult CF patients for the presence of the PA1396 gene that encodes the DSF sensor . Detection of DSF-like signal molecules in the sputum of CF patients. (a) Biossay for DSF activity in extracts from sputum of CF patients (designated 'P' followed by the sample number, that is, 'P2') or in culture supernatants of wild-type strains of S. maltophilia or B. cenocepacia. The bioassay depends upon the restoration of endoglucanase activity to an rpfF mutant (DSF minus) strain of Xanthomonas campestris pv. campestris. DSF activity was detected in culture supernatants (as expected) and in some of the sputum samples. Endoglucanase activity in the rpfF mutant and negative control (ddH 2 0) are also shown. The PA1396 gene was amplified by PCR from all 50 isolates and amplicons were sequenced. Bioinformatic analysis using ClustalW showed that PA1396 from each of the clinical isolates had a very high degree of sequence similarity to PA1396 from the sequenced strains of P. aeruginosa (Figure 2 ; DSF signal molecules which were identified in extracts from patient sputa using HPLC and MS. DSF refers to the molecule cis-11-methyl-2-dodecenoic acid, whereas BDSF refers to the molecule cis-2-dodecenoic acid.
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Supplementary Figure S2) , with very little aminoacid sequence diversity in the sensory input, histidine kinase or receiver domains. In parallel, the ability of these 50 P. aeruginosa isolates to respond to exogenous synthetic DSF was assessed. We have previously shown that perception of DSF by P. aeruginosa leads to increased expression of pmrAB operon and increases in the level of resistance to the cationic antimicrobial peptides polymyxin B and E . The effects of DSF addition to a subset of these clinical isolates was monitored by measurement of the expression of pmrAB (PA4774-4778) by quantitative RT-PCR and of the tolerance to polymyxin B and E. Addition of synthetic DSF to the P. aeruginosa CF isolates lead to the upregulation of pmrAB (Supplementary Figure  S3) , which was mirrored by an increased tolerance to polymyxin B (Supplementary Figure S4) .
Our previous work has demonstrated that mutation of PA1396 in the model strain PAO1 led to increased tolerance to polymyxins B and E . To determine whether PA1396 has a similar influence in clinical isolates of P. aeruginosa, the gene was disrupted in five clinical isolates and mutants were assessed for alterations in phenotype. In four of the five strains, mutation of PA1396 led to an enhanced tolerance to polymyxins B and E under high Mg 2 þ conditions (Supplementary Figure S5 ). The remaining strain CF23 already had high intrinsic tolerance to polymyxin B and E (1 mg ml -1 ) and mutation of PA1396 gave no further alteration. The basis of the enhanced polymyxin tolerance of this strain is unclear; it was not associated with enhanced expression of pmrAB and the strain responded to addition of DSF by alteration in pmrAB expression (data not shown). Taken together, the findings indicate that the P. aeruginosa CF isolates retain the ability to respond to DSF and have a functional sensor kinase protein PA1396.
DSF signaling promotes P. aeruginosa persistence in CFTR knockout mice To determine whether DSF can modulate P. aeruginosa infections in a mammalian model, the effects of supplementation of P. aeruginosa PAO1 with DSF on the bacterial load in the lung was investigated in both CFTR knockout (CF) mice or the isogenic parental C57BL/6 mice. As controls for these experiments, bacterial inocula were supplemented with PBS or with synthetic trans-11-methyl dodecenoic acid, which is not recognized by PA1396 and does not influence pmrAB gene expression . The lung bacterial load was determined at 1, 3, 5 or 7 days post infection (see Materials and methods). C57BL/6 mice infected with P. aeruginosa PAO1 with either PBS or trans-11-methyl dodecenoic acid cleared all bacteria within 3 days (Figure 3 ). With addition of DSF, however, bacteria were still present at 7 days. CF mice infected with PAO1 showed persistence of bacteria for 5 days (Figure 3) . Figure 2 Comparison of amino-acid sequence of the sensory input domain of the DSF sensor PA1396 from different CF isolates of P. aeruginosa. The amino-acid sequences shown represent residues 1-187 of PA1396. The top panel describes the predicted transmembrane segments found in the input of PA1396. The sequences were obtained by PCR, cloning and sequencing of full-length PA1396 genes from 40 clinical isolates of P. aeruginosa extracted from the sputum from CF patients. Sequences of PA1396 from the model P. aeruginosa strains PAO1, PA14 and PA7 are included for comparative purposes. Sequences were aligned using ClustalW and presented using BIOEDIT. The majority of alterations at different positions appear to be of a conservative nature.
CF mice infected with PAO1 with DSF showed persistence of bacteria for up to 7 days and bacteria were also detected in the spleen at 7 days postinfection, indicating that there was dissemination (Figure 3) . In contrast to these effects of DSF, addition of trans-11-methyl dodecenoic acid had no effect on bacterial persistence or on dissemination (Figure 3) .
The role of PA1396 in P. aeruginosa persistence during CF infection was also investigated by examination of the clearance of the PA1396 mutant from C57BL/6 mice or CF mice (Supplementary Figure S6) . The PA1396 mutant showed similar persistence in both C57BL/6 mice or CF mice (for up to 7 days) as P. aeruginosa PAO1 with added DSF (Supplementary Figure S5) . Addition of synthetic DSF or trans-11-methyl dodecenoic acid to the PA1396 mutant had no effect in either C57BL/6 mice or CF mice (Supplementary Figure S6) . These results suggest that the presence of DSF increases the capacity of P. aeruginosa to persist in both CF and normal mice, and that this persistence effect is dependent on PA1396.
DSF influences polymyxin tolerance in P. aeruginosa biofilms on CF-derived airway epithelial cells As an approach to understanding the influence of DSF on P. aeruginosa infection in the context of the CF airway, we used an in vitro tissue culturebased system in which P. aeruginosa biofilms were allowed to form on human CF-derived lung epithelial cells. We grew CFBE cells, a human bronchial epithelial cell line with a CFTR F508/ F508 genotype, in standard multiwell (24-well) tissue-culture plates, in which they formed confluent monolayers MoreauMarquis et al., 2008) . These monolayer cultures were inoculated with P. aeruginosa strain PAO1, and biofilm formation in this static system was monitored over time by phase-contrast microscopy and CFU count of attached bacteria. In parallel, LDH release from the epithelial cells was measured to assess the cytotoxicity of the bacteria.
In the absence of DSF, after 4 to 6 h of exposure to P. aeruginosa PAO1, most epithelial cells had detached from the plastic, leaving only small patches of isolated cells (Figure 4) . The measurements of LDH release suggested that bacteria were cytotoxic (Figure 4 ). The addition of synthetic DSF to the tissue-culture medium resulted in the preservation of monolayer integrity for up to 12 h after introduction of P. aeruginosa PAO1. There was a concomitant reduction of LDH released from the CFBE epithelial cell monolayer (Figure 4) . However, addition of DSF did not alter the numbers of bacteria bound to the epithelial cells after 1 h of incubation. In contrast, the addition of synthetic trans-11-methyl dodecenoic acid did not alter the timing of the effects of P. aeruginosa of monolayer integrity, which was comparable to that seen with no addition (Figure 4) .
Previous studies have shown that bacterial biofilms cultured on CFBE cells are extremely resistant to antibiotic treatment Moreau-Marquis et al., 2008) . We treated static CFBE/PAO1 biofilms for 24 h with 500 mg ml -1 polymyxin B, a concentration measured in the lungs of CF patients (McAllister et al., 1999) . CFU counts before the antibiotic treatment were approximately 10 8 CFU/well. After antibiotic treatment, o10 3 CFU/ well remained on the cells suggesting that the minimum bactericidal concentration of polymyxin B was 4500 mg ml -1 under these conditions (Figure 4) . The presence of synthetic DSF increased level of polymyxin B resistance of P. aeruginosa PAO1 biofilms developed on CFBE cells as 10 7 CFU/ well remained after antibiotic treatment (Figure 4) . The data suggest that DSF treatment of P. aeruginosa biofilms on CFBE cells results in an increase in the tolerance to polymyxin B, but decrease in cytotoxicity of the bacteria to the epithelial cells. Mutation of PA1396 had similar effects to DSF addition The PA1396 mutant showed decreased virulence to epithelial cells as measured by LDH release and increased tolerance to polymyxin B (Figure 4) . In trans expression of the full-length gene, PA1396, restored cytotoxicity and antibiotic sensitivity to wild-type levels (Figure 4 ). DSF modulates expression of genes implicated in a broad range of functions in P. aeruginosa The broader effects of DSF on regulation of gene expression in P. aeruginosa were investigated by comparative transcriptome profiling using Affymetrix chips. For these experiments, bacteria were grown in artificial CF sputum medium in the absence and presence of DSF or trans-11-methyl dodecenoic. All cultures were harvested at an OD 600 of 0.6. A total of 52 genes were differentially expressed by at least five-fold during growth of P. aeruginosa in artificial CF sputum in the presence or absence of DSF (Table 2 ). Of these, 28 genes were upregulated, whereas 24 genes were downregulated. Those genes whose expression was increased by DSF included those whose products are involved in flagellar synthesis (PA1467), iron uptake (PA4358, PA4359) and biofilm formation (PA4781), as well as antibiotic resistance (PA4599, PA4774-PA4777).
Those genes that were downregulated in response to DSF included those encoding subunits of cytochrome c oxidase as well as those involved in type III secretion. For those genes that were tested, these changes were confirmed by RT-PCR (Supplementary Figure S7) . Alteration in expression of the majority (c, d) Addition of DSF and mutation of PA1396 affect polymyxin tolerance of P. aeruginosa biofilms on CFBE epithelial cells. For these experiments, 500 mg ml À1 polymyxin was added to the co-culture at 1 h, which prevents the cytotoxic effects of P. aeruginosa (see Materials and methods). After 24 h in the absence of DSF, all bacteria were eradicated. However, in the presence of DSF, 500 mg ml of these genes is not seen as a response to trans-11-methyl dodecenoic ( Table 2 ), indicating that they were specific responses to DSF. The findings suggest that DSF can influence a broad range of functions in P. aeruginosa that may underpin the enhanced persistence and reduced virulence seen as a response to the signal. Intriguingly, mutation of PA1396 gave rise to altered levels of transcripts for PA4358, PA4359, PA4599, PA4774, PA477, PA4776, PA0901 and PA5505, which are also regulated by DSF; however, transcript levels of other DSF-responsive genes (PA0806, PA1560, PA2966) were not altered in the PA1396 mutant (Supplementary Figure S8) . This may suggest the existence of further pathways of DSF sensing in P. aeruginosa that do not involve PA1396.
Discussion
In nature, bacteria are more likely to grow in polymicrobial communities than in monoculture (Sibley et al., 2009; Rogers et al., 2010) . The development and maintenance of such multispecies consortia will depend upon interactions between community members (Sibley et al., 2009; Rogers et al., 2010) . In vitro studies using model systems indicate the potential importance of interspecies signaling involving diffusible signals in modulation of the behavior of different bacteria in such communities. Here, we have provided evidence to support the contention that interspecies signaling is important in a 'natural' environment, that of the polymicrobial community associated with the CF lung.
We analyzed sputum taken from patients with CF for the presence of diffusible signal molecules of the DSF family. We detected cis-11-methyl-2-dodecenoic acid (DSF) and cis-2-dodecenoic acid (BDSF) in these sputum samples (Table 1) . These signals are produced by the CF-associated pathogens S. maltophilia and B. cenocepacia, and their presence in the sputum samples was strongly correlated with patient colonization by S. maltophilia and/or B. cenocepacia (Table 1) . Although P. aeruginosa, the predominant CF pathogen, does not produce DSF or BDSF, it is able to respond to these signals, leading to changes in biofilm architecture and increased resistance to cationic antimicrobial peptides. This response of P. aeruginosa depends upon the sensor kinase PA1396. Each of the 50 clinical (CF) isolates of P. aeruginosa that were tested retained a response to DSF measured in vitro, and each had an intact PA1396 gene based on sequence analysis (Figure 2 ; Supplementary Figure  S2 ). For a selection of these clinical isolates, we also demonstrated that PA1396 is functional and is involved in the regulation of antibiotic resistance and gene expression. Furthermore, the concentration of signal molecules in the sputum was estimated to be approximately 250 nM, which is the physiological range for the P. aeruginosa response. Taken together, these findings indicate the potential for interspecies signaling involving DSF family signals between different bacterial species within the CF lung.
The influence of DSF on P. aeruginosa has been examined thus far only in vitro. Here we have shown that the presence of DSF promotes persistence of P. aeruginosa in CFTR knockout mice, promotes polymyxin tolerance in P. aeruginosa biofilms developed on CF-derived airway epithelial cells, but inhibits the cytotoxicity of P. aeruginosa to cultured cells (Figure 3) . Although extrapolations from these model systems should be made cautiously, these findings indicate the possible influence that DSF signaling might have on the behavior of P. aeruginosa in the CF lung. Intriguingly, the coordination of the reduction in cytotoxicity and development of an antibiotic resistant biofilm has been associated with the transition between acute and chronic infections of CF lung by P. aeruginosa.
Interestingly, we detected two additional molecules with DSF activity in the bioassay in the sputum samples (Figure 1 ). Although we were unable to identify them, we speculate that these molecules may be also members of the DSF family. The presence of DSF and BDSF was correlated with the presence of S. maltophilia and/or B. cenocepacia, as determined collectively by culture-based methods and 16S rRNA sequencing. However, for some patients, the occurrence of S. maltophilia and/ or B. cenocepacia was indicated only by 16S rRNA sequencing (Table 1) . This raises the question of whether the detection of DSF-family signals might find a use as a marker for the presence of certain bacteria within the microbial flora of the CF respiratory tract. Our analysis of the microbial community demonstrated a diverse population of microorganisms within eight bacterial phyla, comprising 450 genera, including facultative and obligate anaerobes, oral bacteria and opportunistic pathogens including previously recognized CF pathogens (Supplementary Figure S1) . It is not known how many of these other bacteria produce DSF or BDSF. Bioinformatic analysis of bacterial genome sequences suggest that the synthesis of these molecules is not restricted to the xanthomonads or Burkholderia spp. as unrelated organisms such as Thiobacillus denitrificans, Methylobacillus flagellatus, Sideroxydans lithotrophicus carry an rpf gene cluster (unpublished data). It is noteworthy that BDSF and DSF were not detected in sputum samples from viral bronchitis patients who also showed diverse population of bacteria comprising 440 genera consistent with normal respiratory flora with an absence of bacterial opportunistic pathogens. Detection of DSF family signal molecules may not afford a definitive test for the presence of particular bacterial genera, but may nevertheless allow monitoring of changes in infection status that inform the therapeutic regime.
The sensing of DSF by P. aeruginosa leads to alteration in expression of genes encoding a wide range of functions to include biofilm formation and increased tolerance to polymyxins. These effects, which require the sensor kinase PA1396, could impinge on pathogen persistence and response to antibiotic treatment (Figure 4 ; Supplementary  Figures S5 and S6) . Molecules that block key signal sensing or transduction steps in pathogens could represent lead compounds for new drugs Sperandio 2009, 2010) . It remains to be seen whether interference with the action of PA1396 or associated downstream signal transduction pathways may render P. aeruginosa more susceptible to antibiotic treatment.
In conclusion, understanding the microbial flora of the CF respiratory tract is of considerable importance, as interactions between community members can potentially affect virulence and persistence of pathogens such as P. aeruginosa; we are beginning to understand the role that the diffusible signals may have in these interactions. In vitro experiments have shown that bacterial signals such as AI-2 and DSF can exert different influences on the behavior of P. aeruginosa. In addition, bacterial signals such as alkyl quinolones and N-acyl homoserine lactones have been detected in the sputum of CF patients. Our data provide substantial evidence to support the contention that interspecies DSFmediated interactions occur in the CF lung and may influence the efficacy of antibiotic treatment, particularly for chronic infections involving persistence of bacteria.
